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ABSTRACT 


A new typa o IR detector قن‎ proposed, employins a srrrt=circuitod 
thermocouple. The desim criteria for a short-circuited thernocounle 
are obtained for specific junction materials (Bi and 95% Bi 4 5% Sn). 
The equivalent circuit of the thermocouple is developed and various para= 
meters are computed from which the desirn curves are made, Feasibility of 
such an instrument is established conditionally upon the design of a 
quanta counting indicatore 

This thesis was written at the United States Naval Postgraduate 
School, Monterey, California, durin the period January=lay 1958. I an 
indebted to Professor 5. H. Kalmbach for his oririnal idea upon which 
this thesis is based, as well as for his puidarce, assistance, and 
patience as faculty advisor; and to Professor W. P. Cunninsnem for his 


valuable assistance. 
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TAB. U SY Y BOLS 


(Listed alphebeti-a11y) 


8 area (meter?) i 

b ratio of lenrth to radius 

d diameter of thermocouple loop (meters) 

e eleotron charre and also base of natural 1 1:9 
ድ ratio of receiver to wire radius 

h Planch's constans = £.625 x 1079 joule-sec 

3 complex operator = af- 1 

k Boltgnann's constant = 1.38 x 10729 joule/K 

Q lenzth of wira (meters) 

m mass of electron =- = 1.709 x 10-11 coulomb/xr) 
r radius (meters) 

5 distance from loop to indicator (meters) 

t tine (seconds) ۲ 

v velocity; (meters/sec) 

A rereral area (moter?) 


QQ thermal admittance (watts/°K) 


B macnetio flux density (wohers/meter”) 
C thernal capacity (joule/°C) 

D rance of tarzet (meters) 

by voltae 

G therral conductance (wats /K ) 

1 current (a-ps) 


Surscripts aro used to denote the material (leli; 2>መ 1 Ta, 7e Uu; 


4-Àu), 


と > x 9 AT >» O 


^ o^ D 


critical lgm th (meters) 

: / O 
thermoslectric power (volt/ `K) 
electrical resistance (chms) 
ግ ٠ تو‎ > ۹ 
thermal rosistance (watt Ih) 
tenporature ( °C or °K 
electric potential (volts) 

a 2 , / 

thermal energy per unit time (joules/ sec or watts) 


thermal impedance (watt/ °K) 


ancle (de7reeg) 


deflection an-le (radians) 


emissivity ratio (compared with black body) 

anzle (dezrees) 

Constant 

niorons (107° meters) 

Peltier coefficient and 5.14159 

density (xs/ meter”) and cooriinant paraneter 
Stephan=3oltgmann constant » 5.3659 x 1073 wast, moter? -°K 
time constant (sec) 

an le (desroes) | 


anvular velocit; (radians/ 896) 


vi 





le Introduction. 

Transmission of infrared, IR, energy through the atmosphere is 
limited to well defined wavelengths (frequencies) with the greatest window 
between the wavelengths of 8 and 13 microns (107° meters). The IR 
spectrum is divided into three regions; the near infrared region, WIR, 
(0.75 to 1.2 microns), the niddle infrared region, MIR, (1.2 to 7 microns), 
and the far infrared region, FIR, (7 to 1000 microns). 

Although the FIR region extends to 1000 microns, the practical limit 
is now set at approximately 14 microns by the energy and transmission 
limitations. FIR generally refers only to the 8 to 13 micron window in 
military applications. 

The FIR region contains the peak of energy radiated from a black body 
between the temperatures of 2230 K and 362% K, We are primarily interested 
in temperatures of 300° K which peak at approximately 10 microns wave- 
lenrth, 

Although much work is presently being done to extend the semiconductor 
detectors in the FIR region, the best detectors of FIR are still the 
thermal type (thermocouples, bolometers, etc.). 

The tarzets to be detected are expected to be only a few degrees C 
above an ambient background which will be taken as 300°K. Of considerahle 
interest are the tine of response and the magnitude of tho detectable 
signal, and the effects of noise upon them. 

Ihe thermocouple has been used successfully as an IR detector for 
many years. The normal system of detection utilizes the thermooouple as 
a source of voltaze whioh is to be amplified and then measured. The idea 


of making a short-circuited thermocouple to employ the mametic effecis 








of the short circuit loop current is apparently oririnal and is the basis 
for this paper. 

The purpose of this investigation is to determine (1) the feasibility 
of using a short cirouited thermocouple loop as a deflection coil of an 
electron beam to indicate the presence of an IR signal, (2) the conditions 
and limitations of such an instrument. 

This paper is primarily a feasibility study; hence, the results 
obtained are not expected to be optimum. The optinization is left to 
future study when and if feasibility has been established. 


The MKS system of units is used throughout this papere 
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2。 The Detector» 

The proposed IR detector (Fiz. 1) consists of a long electron beam 
tube with a low velocity electron gun, a thermocouple current loop and a 
deflection indicatore These will be discussed separately in subsequent 
sections. 

The IR energy from an extended source is directed onto the thermo- 
couple receiver by double reflection of two front surface reflectors. 
The first and largest reflector is a spherical mirror of f-number equal 
to one, which converges the IR rays; the second is a flat mirror of 
smaller sizo to direct the conversin” rays onto the receiver. 

Tho intensity of the source of IR can then be measured (recorded) on 
the indicator. 

Although only & single loop is considered here, it is intended that 
several loops be used and that the electronic bean sweeps past each loop 
to give a wide angle of detection. 

The field of detection of this instrument is a small solid angle 
which is a function of the size of the gold foil receiver and the focal 
length of the spherical mirror. If the source of IR ralliation is larger 
in cross sectional area than the cross sectional area of this solid 
angle, then a given difference in temperature of the source above the 
embient temperature can be detected independent of ranre. Such a source 
is sometimes referred to as an extended source. 

The energy per unit tine that is supplied to the receiver, can be 


expressed in terms of Zhe f-nunber, np, and receiver area, az, as 


と e ar az 


AW = 
(np yl 


watts (1) 
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Assuming that omissivity,€ = 1 (black body) and by construsvion of the 


spherical mirror makinz the f-number equal to one, rives 
AW = T°O AT az watts (la) 


If, however, the cross sectional area of the source is less than tne cross 
sectional area of the solid anzle, the detectabls siznal is ranse limited 
and the intensity of the simal decreases as the square of the range. The 


range of detection is riven in this oase as 


meters (2) 





5 
" 


radius of spherical mirror 
Ail 4® power at source 


AW. power on receiver 


For signal to noise power equal to one, equation (2) can give the maximun’ 


detectable ranse in this case as 


(2a) 





where Wy, = noise equivalent powere 





3. The ulectron Gun. 
Àn electron bean !s formed by an electrostatic electron tun. If the 
accelerating electrostatic field is linear, the bean will emerre with a 


constant velocity given by 


De V 5 
v E = 5.93 x 10 ۹۷ )3( 





where v = velocity (meters per sec) 


KP 
ዘ 


electron charge to mass ratio (coulombs/xr) 


= 
t 


= electrostatic potential on accelerating anode (volts) 

The electron bean of oonstant velocity is then passed extremely 
close to the thermocouple loop, causinz deflection of the beam. With a 
current, I, in the loop oausins an averase magnetic flux density of B 
webers per square meter across the loop, a deflection angle of the 


electron beam is 


6 = a radians (4) 
mv 


where d is the path lensth (dismeter of the loop in meters). 
The actual deflection at the indicator is small and can be approxi- 


mated by 


TL, 


só a ーー (5) 


Substituting v fron equation (1) gives 


8 
ye Bsd AV (6) 
Taking s = 1 meter for convenience ; 
= B 
y=3 x 10° ር (7) 


Nv 





The averaze magnetic flux density, B, as a function of loop current, 


I, has been deternined in Appendix I, which gives 


8 ع‎ A ni 


m webers (8) 





where n is a function of the distance from the loop to the electron beam. 


Substituting this into equation (7) we have 
- nI 
y = 00288 n meters (9) 


Although the field of an electrostatic electron gun is not generally 
uniform, a beam of constant known velocity oan be produced which will not 
differ from the above equations by an appreciable amount. 

Ás the electrons leave the cathode of the electron gun they are 
deflected toward the axis by a strongly convergent electric field between 
the grid and cathode. This causes the electron beam to reach a minimum 


cross-section called "crossover." The radius of this crossover is 





approximated by ee assuming a spherical field to give 
eT 
oo سس‎ (10) 
V 
2 sin 2 8 
۷ 
6 


where r, = radius of cathode 


= potential at crossover 


<j 
nN 
4 


<j 
۱ 


6 = equivalent voltaze of emission velocity 
e = i angle of cathode at crossover 
The best spot which oan be obtained fram the electron beam is formed 
by focusing this crossover onto the indicating screen. There are various 


opinions as to what is the actual object of the spot imaze. The spot is 





not the image of the crossover but of a position toward the cathode at 
which the limitinr crossover rays intersect the axis. There is some 
evidence that this position occurs at th» cathode, making the cathode the 
object. Therefore, the size of the spot ecuals the size of the cathode. 
The cathode can be limited in size by usin” a tungsten wire drawn to the 
order of 100 microns, thus limiting the spot size. 

Equation (9) above does not take into account the fact that the 
electron bean is & "bundle" rather than a single column of electrons. 
This bundle of electrons will have a cross-sectional area rreater than 
the spot, since these electrons are convergent as they pass the thermo- 
couple. The actual size of this bundle is difficult to determine. 
However, by assuning that the electrons are normally distributed across 
the bean radially so that the standard deviation is equal to the radius 
of the spot, then comouting the deflection of the mean electron of the 
beam (assuming symmetrical deflection), the approximate deflection can 


be determined fron equation (9). 





4. The Indicator, 

The size of the spot formed by the eleotron will deternine the 
minimum detectable deflection which can be achieved. Therefore we will 
use as an indioator, an array of elements in rectanmlar form with the 


side of each element equal to the dimmeser of the spot. 


75 | | | | | | | | 


a 


do = cathode diameter = spot diameter 


Figo 2 


Referring to Fig. 2, the electron bean is focısed on zero with the 
background temperature as the input simal., An IR signal producing a 
temperature difference AT > 19 C will cause a deflection on the 
indicator. Since deflection of the electron bean is directly propor- 
tional to temperature differenoe, a direct measure of the temperaturo 
difference between a source and its backzround can be made, 

The type of indicator material will depend upon the purpose >f the 
"detection. For direct viewinz, a phosphorescent screen might be used in 
the same manner as a cathode ray oscilloscope. Most phosphors will re- 

quire an acceleratinz voltase of greater than 1000 volts for visual 
sensation. This presents no problem, for such a remiirement can be 
achieved quite easily by post deflection acceleration ene deflect the 
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bean at a low velocity to give large deflect.on and then accelerate it 
with hish voltares to sive the necessary brilliance on the screon)e 

for this discussion we will consider an ideal indicator which is in 
effect an electron or quantum counter. We will assume that the smallest 
detectable signal will be equal to the noise equivalent power (signal to 
noise ratio of one), as determined by the Johnson noise of the thermo- 
couple. With the electron beam normally distributed in two dimensions 
(Rayleigh distribution) and the standard deviation equal to the spot 
radius, the change in quanta oan be deterained from the deflection of the 
mean resulting from the noise equivalent power. This ideal detector will 
have the form of Fig. 2, but as deflection shifts the mean, the difference 
in number of quanta in each indicator element will give a direct measure 
of the intensity of the source. 

A praotical method of determining the magnitude of such a change is 
illustrated in Fig. مت‎ A beam of light can be made to approximate the 
Rayleigh distribution and adjusted onto a double mirror. The double 
mirror represents two adjacent elements of the detector which must be made 
to proper scale of the actual detector. Reflected light intensity from 
each mirror is then measured with photooells and plotted for various 
deflection angles, (the smallest increment being that resulting from the 
noise equivalent power). Fram the normalized curves, a percent of de 


in quanta can be made directly. ‘or any given electron beam intensity, 


the indicator requirements are specifically defined, 
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5。 The Thermocouple. 

Sel Ihernocouple materials 

The heart of the proposed detector is the thermocouple. As shown in 
Fig. 4, it consists of a thernoelectric jinction of bismuth and 95% bismuth 
plus 5/2 tin, short circuited by a copper base. These junction materials 
have been chosen for the following reasons: 

(1) These metals produce a junction thermoelectric power of 
90 microvolts per degree CU, which is quite high. 

(2) Each of the elements has a low meltinz point and, therefore, 
oan be drawn into small wires (20 microns in diameter) by method outlined 
in Strong 19), 

(3) Both metals are soft and easily formed in desired confir- 
uration. 

The base material can be any good conducting metal, (Ag, Al, Cu); 
copper has been chosen to rive rood support and ricidity. The receiver 
is a thin blackened sold foil with thickness (usually less than one 
micron) chosen to keep the thermal capacity of the receiver much less 
than that of the junction metals. 

9.2 The equivalent circuit 

IR enerzy from an external source is received on the zold foil via 
front surface mirrors (Fig. 1). It is assumed that the blackened gold 
foil acts as a perfect »lack body and that no reflection occurs. The 
energy is then transferred to the thermoelectrio junotion, causing a 
current to flow in the closed thermocouple loop. 

When a current flows between the two dissimilar metals at the 


junction, a cooling effect is produced at the junction proportional to 
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the current. This effect, first noted by Peltier (12) is called the 
Peltier effect. The effect upon the electrical circuit is the same as 
adding a series resistance, Rye This is a dynamic resistance since it 
occurs only when current flows and might be thought of as the internal 
resistance of the junction. 

The change in rate of flow of energy, AW, and the change in tempera- 
ture, AT, are related by 


AW =a GAT = 2 AT (joules/sec) (11) 
1 


where Ge ۶2 is thermal conductance (watt /%C and ዉጪ is thermal resist- 


ance. A4" caused by Peltier coolinr is 
AW = = MI (12) 


where "m, the Peltier ooefficient, is equal to the produot of the 
temperature and the thermoelectric power, P, for the junction with the 
dimension of volts. This gives 

AN, --TPI (joules/sec) (13) 


and a corresponding change in temperature 
AT, =-ATPI (°c or DC) (14) 


This results in a voltage drop 


= 5 2 

Ep = P AT, = RTP*I (15) 
from which we find 

Rd = ATP? (ohms) (16) 


Let Eş = terminal emf (current flowing) 
EQ = open circuit voltage 
R = electrical circuit resistance 


then Ew LE سا‎ o and the loop current Is —9 
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then Et ወ IR æ Bs ~ Ryl 
Bo 


and I s pom (179 


This gives the equivalent electrical circuit for tho short circuited 


thermocouple as shown in Fis. 5. 





Relatin the electrical circuit to the thernal circuit using 
Bo So (18) 


then 


I AT (19) 
nS a 


giving loop current as a function of the temperature difference at the 


junction. 
From the enersy relationship per unit tine, we can determine AT. 


Enecty in = “ner~ stored < Energy dissipated # “nergy radiated. 








F GATA G AT (20) 


Capacity Conduction Radiation 
A complete equivalent circuit combinin: both thermal and electrical 
properties from equation (20), (17), and (18) is shown in Fig. 6, where an 
ideal transformer converts thermal energy into electrical energy to 


satisfy equation (18). 





1۳۰ 
If W is & step function, then 
W u 
AT = 一 hes c (21) 


1 
where — 262% #G,, combinin” like teras of equation (20) and 


T = 
2 | teo. 0 


The loop current can now be expressed as a function of time and 
lez 


input ener sy per unit time by substitutins equation (21) in equation (19). 
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0 

A መ መመ ጠጠ ጠመው جع‎ 9 9À 

1 |: TE (22) 
R = Ra ゴ 


W, G, and C, must now be deternined. 
5.3 Energy Per Unit Time W (Power). 

The curve of transmission bands in the IR spectrum has no specific 
formula, hence the evaluation of enersy in these bands must he approxi- 
mated by assiming a discrete value (average) over a finite wavelength 
band, as is shown in Appendix III, 

For a black body at 300° K, the enerry contained between 8 and 13 
miorons is approximately 29% of the total energy radiated. Atmospheric 
absorbtion reduces the available enerzy to 20%. The detectable energy 
below the FIR resion is only one-half percent. For practical purposes, 
all of the detectable energy from a source at T = 300° K is located between 
wavelengths of 8 and 13 microns. 

Assume a black body of area one square meter at a temperature T] s 
301° K against a background To = 3000 K. The total energy radiated from 


this black body per unit time is 


4 4 

"ወ 2 ው (፲1” > ፲.)) (25) 
2 رم ثم حي‎ (234) 
= 6.16 watts (25) 


Total energy inpin;in- on area A (25 cm. in radius) at a ?’skance, 
D, from the source 15 


AN 


# 2 -————  - 0.0963 D7? watts (24) 
A 4 ፐ pe 


but, only 20% of this enercy is detectable for any reasmatrlo range of 
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detection ‘ence 
Wp = 19.25 D"? milliwatts (24a) 


9.2 Conductance. 
The work of engen‘) has given an optimum relation between wire 
dimensions by maximizing the sensitivity with respect to the ratio of 


cross section area to lenrth کے‎ to yield the following result. 


a E K a 2 
ሎክ 5 1 a (25) 
11 Ea o e» 
وا‎ 4,,/%, Y ER 
Mo XE (5 Po 


1 


(0.486) ーー for Bi and Bi % Sn 
1 


0 


and L m 0.486 11, since 84 z 85 
In addition to this, Johansen also found that the losses due to 


radiation should equal those due to conduction. 


Gp = ر28‎ G1 (radiation) (26) 


The thermal conduction consists of two paths as shown in Fig. 7. 
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G4 (Bi) G^ (Biz Sn) ۲ id . 
=< a = 6 
Gz (Cu) G3 (Cu ) 


T‏ امو 
G 2 0, 7 0, (27)‏ 
G G‏ 
Sea‏ 
G G‏ 
G = E (27b)‏ 
።፡።፦ ጊር‏ 
where‏ 
Ben‏ 
G) = (28)‏ 
K a S‏ 
)288( .2 
a‏ = 
e E‏ 
2K‏ 
er‏ 
The total conductance follows from equation (20) as‏ 
ው ፇ ዐ.. (29)‏ 02 
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Equatin; equations (26) and (27) and substituting values will yield the 


relation of radii 


r 
1 
r, z 1.69 Es (nillineters) (30) 


where ri is the raiius of the wires in ricrons. There is an order of 
ma:mitude of 105 between the radius o? tho -old foil and the ralius of 
the wire if this criterion is used. Since this is quite impractical, this 
criterion will be imored, 
9.9 Thermal Capacity. 

Thermal capacity is eq:al to the sum of thermal capacities of the gold 


foil, the blackenin”, and the junction materials. 


Cure 2 81 1 61 ሙ 53 L. C, (31) 


When IR energy inpinzes upon the “old foil receiver, the tomperature 
is raised in an exponential “manner in accordance with 
d Wo 
AT > e. Y.) (550) 
and heat is transferred to tne junction, There is an opposition to this 
transfer of heat which is referred to as thermal impedance, 2, (or its 
reciprocal thermal admittance, A, such that 


Av =0 AT (34) 


The flow of heat follows the diffusion equation 
T K ረ 
a 51 2 — V NT (35) 
The actual contact area between the zold foil and the junction wires 
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as shown in Fiz, 4, is quite small and the flow of heat from this would 

be in the form of a spherical wave. The wire being not a right cylinder, 
but a curved one, adds to the complexity. In order to obtain a reasonable 
approximation of the flow of heat, the junction can be made as shown in 


Fig. 8. 


Au 


Bi Bi + Sn 


El foe 

Ihe followinz assumptions are made: 

(1) Radiation occurs only at the Au foil; there is no 
radiation from the wires. 

(2) The wires are right circular cylinders. 

(3) The gold foil transfers energy at the rate AV. 

(4) The copper base is at thermal and electrical ground (at 
& constant temperature). 

(5) The energy is transferred over the cross sectional area 
of the wires. 


(5) The flow of heat is a plane wave alonz the axis of the wire, 


el 








"ith these assunptföns, eq.etıon (35) Sar now fe rinta in 6 
dirmens+or.al Forme 


SAT رن‎ 3 ar 


—— = : BX lirectio oo 
E 6, 3. JE e)ex.al diri n (36, 
with initial conditions for AT (x,t) 

۰5۸۱۱۱۱۶ (9 

ANT (O, +). AU) 


wnich vives the solution, fro» Appendix II 


۵ CC) : Mx) (37 
Ò: Gt e n RS ee) 
0 sinh Af ^ | 
Gners transfer at junction 
T 
۸ -AK 28 (28) 
a x 


end 


Ac STO (Z4, 


hence from equations (37) and (38) 


Qo» AKA ctn Al In 





AK E 2 
Q = 1 x LL ^ y for small AN (40) 
Two cases are of particular interest. The irss, we 1 “ep 
ROSH DT Is Su ۰ ۱۳۲ or 628 T , 1 Oar L. = 3 
d t+ 
The solution to equation (36) is 
AT (x)= p lem) 11) 


2۵ 





From equations (38, 41) we find that 
Q = "m = G (conductance ) 


The second case is that of sinusoidal variation in which W(t) 


Substitutinz in equation (40) gives 


Q. = EP 24 مه‎ (que s) 
=G + jwe 
an 





رہ 
t‏ 


sane as steady state equation (42) 


E 
۱ s 


3 


(42) 


٩ ون‎ 
_ Wer ® 


(43) 


(44) 


This is the practical case which occurs when the radiant IR energy 


being received is chopped at a frequency f <= ET cp8。 Note that when 


w = 0, we have the steady state value Ú = G, but as w increases we have en 


added thermal reactance caused by a thermal capacity of the wires. 
new thermal capacity is equal to one-third the thermal capacity of 
wires as detariined previously from © => Alps. This indicates that 
thernal capacity when usin. chopped enerzy is 4/3 of that when the 


simal is steady. 


どら 


This 





6. Caloulations of Paranstors. 

The initial design parameters were onosen arbitrarily from practical 
consideration.  Usin; the method outlined by sero (15) the author has 
successfully drawn wires of both Bi and Pi ሦ Sn to diameter less than 
20 microns. This is considered the smallest practical wire size and is 
thus chosen as the reference for initial caloulations. The wires can be 
made into a loop of radius three times the radius of the wire which makes 
the path length d = 6 rye 


10p 
= br, = 202; b=2 


UJ 

pio 
> の 
صم‎ n 
1 it 


r, = 40ሠ 
ያ2 5 ,4866 P = 9,75 p 


UJ 
b 
SES 
uN 
5 
ーー 
e 
ርን 
LE | 


LONE 
Cu 
I5 a ta - (4, 44,) = 150 


ቻር - 1045 g=1 
Au 
la = 0.19 (thickness of gold foil) 


The electrical resistance of the loop, using values from Table I 


Rw Ry Ro 4 Ra 


(45) 


I 1 1 , 52i 5 የ; 13 


a 2 ES 


e و(‎ ohms 
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The thermal conduc5ance 'onsists o? radistion an] condınzınn 


(G7 G,). 


Gr = 40° a4 n | (46) 
0ھ‎ ጋ elai 

G, = parallel conbination as given by formula (27) 
an2.52 x 107” 

Since Po ዝሬ we can neglect G, 

and G =z Gg «& 2.52 x 1074 watts/°C 


Dynamico resistances for a temperature of 300° K is given in equation (15) 


as 


= 0.0097 ohms 


The current from equation (19) is 


P AT 
RER 





= 500 pa 
d 


حلای 1 


This current causes a deflection fran formula (9) with 


V = 100 volts ; ne 4 = 


UAR I 


- ፈላዣ 


2.98 microns 


= 2.98 x 107° meters 


The thermal capacity is sum of capacities of the junction material, foil, 
and tlaokenins fran formulas (31, 32) 
C = 11.15 x 1079 30010 


wnich rives a time constant 


9 
1:7: 44,5 jJ 8000 
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This thermocouple has a fast response but low deflect on sensi- 
tivitye 

Detectors have been classified in terns of responsivity, detectivity 
and figure of merit due largely to the work of R. C, Jones (6), These 
terms are now quite common and will be used for this application as 
defined below, 

Responsivity is the ratio of open circuit voltage at the thermo- 
couple to radiant power impinging upon the receiver. If energy is not 


chopped, the zero frequency responsivity is 





P AT p 

E ف‎ (48) 
AW 3 
=O, dee 
watt 


When radiation is chopped at angular frequency w the responsivity 


becomes 
S (o) EE (49) 
+ س(‎ 


C 
where ሞ = -y stine constant of thermocouple. 
Detectivity is the ratio of the responsivity to the noise voltage 


(equation 62a). 


S 
ማማር (50) 
No 
28 DAS _ ። 9توست‎ ٦ (watts~+) 
10۳1 ر وا‎ 10 


Where ے)“مہۃ×‎ 4 (۶ Af)the RMS voltage produced by the resistance Re 


This is called Johnson or thermal noise and is the limiting noise for the 


27 





thermocouple. 


For chopped radiation 


S (w) 


D(W) -= RSC (51 ) 


The figure of merit based on R. C. Jones olassification (7) for 


thermal detectors is 


Do 


Mo = 8 (ratio) (52) 
5:9 X 10 





ጭ 


=- 1.14 1074 


5 TO'X 10° 
"3,3 x 109 
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7. Noise Considerations. 

The main sources of noise whioh are encountered are background noise, 
Johnson or thermal noise, and temperature noise of the junction. 

Background noise is quite difficult to define mathematically, but 
quite easy to determine experimentally. Since we are interested primarily 
in feasibility study we will consider only a source with definite cone 
trast (ieee a temperature difference between the source and background at 
a given background temperature) and leave background noise as a practical 
consideration for experimentation. 

The other two noise sources are contained within the thermocouple 
loop. Johnson noise results from the Brownian movement of electrons in 


the circuit resistance which gives a RMS voltage of 


E^ = 4kt (Af) R (53) 

If we think of the electron beam as a single electron of velocity, 
v, transiting the loop of diameter, d, then the transit time, t (= کت‎ 
would be the period during whioh any thermal fluctuations in the resistor 
would affect the electron's path. Assuming symmetry of the loop, we can 
see that for low frequency noise the resulting deflection will be approxi- 
mately constant during the transit time. As noise frequenoy inoreases, 
we reach a point f = - when the deflection effects are reversed in sign 
during transit, At this frequency and above, we can see that the noise 
voltage generated will not affect the deflection. 

The loop then acts as a lowepass filter which is assumed to be made 


up of a series resistance and inductance (Fig. 9). 
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Fic. 9 


The bandwidth of this circuit can be determined from the transfer 


function 
R 
PL) < س‎ (54) 
( RæÆæjwL 
2 l 1 


Z Lr (55)‏ تسب 


| 62/ ده‎ ۸ f 42 
l n i + (>) 





which gives at half power bandwidth 
Af 一 ーー (56 
2 1 L ) 


The inductance of a single turn is given in Snythe (13) ቧ8 


L = b ር: ፦ -2( ሦ vn | (57) 
as used in this loop becomes 
L = 3ryu[in 24 -2 ¢ ۹ (58) 


SXGDONN(ATU). (3.18.21. 7×" 


zr} (53.9) x wo 


- 53,9 x 10-12 nenrys 
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The bandwidth now from equation (56) ia 


K 
= m - 502 Mos 
2 M1(53.9) x 10712 


The noise voltage is riven from equation (53) 





2 212 
E NJ = 1.41 xX 10 

= 1.186 x 10”® 
NJ 


and temperature variation 


کرت 


2 
E 
ポー (59 ) 
2 
P 


E 
me Br, 1.74 x 10$ 
(90)? x 1071? 


- 1.32 x 107? °C 
AT 


The other noise of interest is the temperature noise occurring at 


the thermocouple junction as a function of the thermal capacity of the 
junction materials. 


This noise causes a temperature fluctuation as given 
by Fellgett 22. 
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where 


“1 ሀ 
C = ーーー (61 ) 
Cy Co 


(7.41) (3,655) x 1073 





10407 
= 2.7 x 107° 
and 
0 2 -23 
> (1.38) (300) x 10 
A ل‎ 
2, و سس‎ 
- 46 x 10710 
ATy = 2.14 x 107? 


this shows that the temperature noise is much smaller then the Johnson 


noise and can be neglected. The total noise voltare 


2 à 
N.” = > En (62) 


gives 


No = Byy w 1.186 x 1078 volts (62a) 


N 
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8. Summary. 

Because of tho number of variables involved in the investiration, 
the results are illustrated best by a series of curves. The author has 
chosen to make the radius of the wire the independent variable for deter- 
mining various parameters. The relationships of the variables are shown 
in Table II and are illustrated in Fir. 10 - 15. From the figures, all 
important characteristics of the thermocouple can be determined directly 
to meet the desired specifications. 

A compromise must always be made between sensitivity and time con- 
stant. In order to have a fast response time, one must accept a low order 
of sensitivity; also conversely. 

The .feasibility of the detector depends upon the indicator capabili- 
ties. If the indicator itself can be made to indicate the quantum change 
in the deflected electron beam, then the detector is feasible. It will 
ከ a contrast of 1° K at an ambient temperature of 300° K at a distance 
of greater than 500 meters, if the area of the source is less than the 
cross sectional area of the solid angle; if the area of the source is 
greater than the cross sectional area of the solid anrle, the detection 
is independent of ran-e. l 

The detector can be used with either steady si mals of interrupted 
(chopped) simals of a frequency which can be approximately determined 


from Fige 16 of Appendix II. The optimum ohoppinz frequency can best 


be determined by plottins the frequency response experimentally. 
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TABLE II 





Function Proportional To Equations Derived 
from 
Area 81 rj Definition 
length L. bry Definition 
resistance R b/ry (45) 
conductance G r/* (27) 
capacity 0 r, 3/b (81032) 
time constant ۴ ۲ 92 (47) 
responsivity So b/r, (48 ) 
detectivity D。 NT (50) 
figure of merit M, NY} (52) 
deflection y n (8,21) 
noise No b (53, 565579) 
(n 2 
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APPENDIX I 
THE MAGNETIC FLUX DENSITY OP A CURRENT LOOP 
The magnetic flux density produced in a single loop by a current I 
can be determined as shown in Smythe (13), By symmetry, we know that A, 
magnetic vector potentiai is independent of $. Therefore P is chosen to 
be in the xz-plane with $ = 0, for convenience. By paring ds at Z 4 


we see that the only component of A that exists is Ag 


Ag s ョ ン ン 1 








DOSE い a cos@d ゆ 


= T 
5 ቭ Vo (af e? £z? -2 a pocos b T 

۵ 2 “ب م - 0 Lot‏ 

41 = 2 4 8 

ቭ 
፲ ላ" (2 sin? e 3 
then Ags ፦ > -1) c8 TA 
ን 9 [ (^ +e) £ 2° = 4 apsin JE 
let k^ ف ع‎ to give elliptic forn to the integral. 
(a 4 e)? sl 
2 sin^ 8-1 = ረ E gin^o «x + s کے‎ ۱ 
ኗ" 2 


2 
Kl 2 1 EE (1 = 5 sin 6 ) 
i4 k^ 


Substituting in the intecral gives 


٠ 2 7 
A al Y の ١ と 
75 wk 2 VR (3 k^ A | 


where K, = are complete elliptic intosrals of the first and second kinds, 
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respectively. 


Solving for B: 


= 








8 = Y xÁ gives 
1 ኃ 15 ኃላፋ 
= و‎ ጎ AS 57 
۱ ۵ 1 5 
را کے کس 9ود‎ ES T 
E Sp 00 .2፦- (ርኣጅ 
where 
ከ: ጩጨ QE E K 
3ے‎ zk © ok k 0 ey 





Carrying out the indicated operations gives the magnetic flux density in 


the final form of 


2 2 
B ہے ۲۰۰۶ نے‎ E an 7 کا‎ E | 


C 7 off [Ca "PAPAE (a -gf wes 
i. Er: id - 1 
2f [( 49? 2 z]? (a - 8? 4 z? 


We are interested only in the B field perpendicular to the electronic 
motion (B,)o If we express e and z as a peroent of a and normalize B, 


we have a convenient form for plottinz. (Fig. 14.) 
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By graphical integration the approximate averare B, has been found 
for various values of distance z of tno electron path from the plane of the 


loop in termsof the wire radius. 








TABLE III 
Z B Be, n 
Ai I 

3 22 ۲ 3 

22 Tao A UE 1 
7 A I Du 
e > 2 Tf a 2 
Ar ር LADEN d. 
l 3 Wa 5 
ሠሪሥ 1 1 
or ول‎ — 
l 4 ቨ 8 ረ 


From Table III we can derive a general form 


ኑ-4 


ጋጋ 
B j5 n 
2 Ta 
ave 





where n may be determined for any particular zo. 
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APPENDIX II 
SOLUTION OF DIFFUSION EQUATION 
Ihe diffusion equation represents the temperature change caused by 


heat flow in a medium, and is given by 





۵ AT 1 2 
St = em V (AT) 


For flow constrained within a wire, with no heat transfer at the surface, 


we have one-dimensional flow along the axis giving 

















E 
SAT . K ኃ ሊፕ 
at 08 Ox 
Solving, let AT = X (x) Y (t) 
ጋ 9 
22I و‎ 
ot -~ 
ð AT 
zu 
Que. 
2 
ðA = vx" 
ax? 7 
Substituting XY - x 
B 
Y K x" " 
1 ` Pê x 
Y x" ; 
Let マー = n = = እ 


then: Y - Àe at 
X sBsinh (Ax #%) 
BT Gere): = KY 


AB ۾‎ sinh (Ax 44) 


For initial conditions, let 
۱1 40 
(2)AT (0 ‚t) * AT(t) 
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From (1) ; sink (ALY) و‎ 0 


Y = - Al 
AT(x,t) = Abo” sinh A(x = £) 
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From (2) AT(t) = - ABe?" sinh ^4 


AB we شف‎ 
e sinhAl 


AT (x,t) = AT(t) sinh A ((-x) 
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= 8 x ) Q A 
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Two special cases: 
Case I Steady state (step function of AT after transient has 


disappeared). 
OSI 
ot ” 


2 
3A1 „0 
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/ 
AT = C0, x + © 


Condition I AT (£) = O; Co = -0 4 


Condition 2 AT = BT, = Cz (0-2) 
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"hen a 


Alp meer ot 





eK | 
۳ on را‎ ۱ 
Let L > = リーーーーーー has dimension of len rth 
ሀ›ይ 5 Tes f | i 


8 1 A 
ls (1 = j) 


A plot of L vs. f for Bi and Bi 4^ Sn shows that Bi = Sn limits the 
length and the frequency of choppinc. (Fiz. 16). 
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APPENDIX III 
ATMOSPHERIC TRANSMISSION OF INFRARED 
The spectral distribution of IR energy is a function of temperature 


and wavelength as given by 





? 
F(t ,N) = athe ۱ dà watts/meter* 
= A 
ena 
ጌ ድርት ۹ 
سے ۔‎ ኢ 
> ፎከሩ e X 


By integrating this function over the discrete wavelengths of Fig. 17, a 
body of unit area at the temperature T = 300° K has the followinr energies: 


No absorption Atmospheric absorption 


W, (0= 1.3 ) 2 3.6 x 10-10 1 ۰۵ 
۷5 1,5 - 1.9 09253571 x 1078 2,66 x 1078 
Ws (2.1 - 2.5 ) s 1.41 x 107? 1.13 x 1079 
Wa (3,3 - 4,2) 1.37 1.243 
W5 (4.5 - 4.9 ) 8 1.67 217 
We (8-13 )= 13 92,8 


The energy in the FIR region is 29% of the total energy radiated 
(= 459 watts). Atmospheric absorption reduces this to 20% of the total 
power which is detectable. The energy within the other bands (NIR and MIR) 


is only one-half of one percent of the total radiated energy. 
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